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1. Introduction
Clouds strongly affect the earth’s climate by influ-
encing the radiation budget. Low stratiform clouds 
(LSCs), which are primarily found over the ocean, are 
especially important because of their high albedos rela-
tive to the surface and cloud-top temperatures close to 
those of the surface that can greatly reduce the net radi-
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DOI:10.2151/jmsj.2014-107
ation at the top of the atmosphere (e.g., Ramanathan 
et al. 1989; Harrison et al. 1990; Hartmann et al. 1992). 
Therefore, it is important to understand the factors 
controlling the LSC amount over the global ocean.
For a global perspective, previous studies have 
mainly focused on seasonal to interannual variability 
of the LSC amount and its relationship to other climate 
parameters (e.g., Klein and Hartmann 1993; Norris 
and Leovy 1994; Park and Leovy 2004), although the 
variability on shorter time scales is also important and 
has been investigated (e.g., Klein 1997; Xu et al. 2005; 
George and Wood 2010; Kubar et al. 2012). As is well 
known, Klein and Hartmann (1993, hereafter KH93) 
found that seasonal variations in the LSC amount are 
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Abstract
Low stratiform clouds (LSCs) are of three different types: stratocumulus (Sc), stratus (St), and sky-obscuring fog 
(FOG). Ship-based cloud observations (September 1957–August 2002) and air-temperature and sea-level pressure 
data obtained from the ERA-40 reanalysis are used to investigate the seasonal relationships between the amounts 
of these LSC types and the estimated inversion strength (EIS) over the global ocean. Although it is known that a 
single linear relationship applies to the variations in the LSC amount as the sum of those of the LSC types and 
EIS, two relationships with different sensitivities are found between each LSC-type amount and EIS. The boundary 
lies at a sea surface temperature (SST) of approximately 16°C. The Sc amount is strongly correlated with EIS in 
the warm SST regime, whereas no correlation can be observed between them in the cold SST regime. In contrast, 
although FOG rarely occurs in the warm SST regime, its amount increases with EIS in the cold SST regime. 
The St amount increases with EIS in both regimes, with higher sensitivity in the cold SST regime. Examination 
of vertical layers contributing to EIS reveals that an increase in the inferred inversion strength between 850- and 
925-hPa levels corresponds to that in the Sc amount in the warm SST regime. In the cold SST regime, as EIS 
increases, relatively high values of inferred inversion strength between 700- and 850-hPa levels change to a rapid 
increase in that between 925-hPa level and the surface, which coincides with the transition from Sc to FOG. 
Temperature advection implied by the air–sea temperature difference provides favorable conditions to the different 
variations in the two regimes: general occurrence of cold advection in the warm SST regime and cold-to-warm 
transition of advection in the cold SST regime.
Keywords low stratiform cloud; inversion strength; sea surface temperature; air–sea temperature difference; tem-
perature advection
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associated with the lower-tropospheric stability (LTS), 
which is employed as a measure of temperature inver-
sion strength, defined as the difference between the 
potential temperatures at 700-hPa level, a sufficiently 
higher level than the top of the marine boundary layer 
(MBL), and the surface. As shown in Table 1, they 
defined 10 regions where LSCs are dominant on the 
basis of surface-based cloud climatologies by Warren 
et al. (1986, 1988). They showed that the annual cycle 
of LSC amounts coincides with that of LTSs in all 
regions except the Arctic, and a single linear relation-
ship applies for the seasonal variations in the subtrop-
ical regions.
Recently, Wood and Bretherton (2006, hereafter 
WB06) indicated that LTS includes an increase in 
potential temperature following the mean lapse rate in 
the lower troposphere, which generally approximates 
the moist adiabat, and proposed the subtraction of this 
term from LTS as a new formulation to directly esti-
mate the inversion strength; it is called the estimated 
inversion strength (EIS). They performed a linear 
regression analysis similar to that in KH93 using EIS 
instead of LTS and found that a single linear relation-
ship between the LSC amounts and EISs can apply not 
only for the LSC regions in the subtropics but also for 
those in the midlatitudes.
However, “LSCs” is a broad category of clouds, 
consisting of three types: stratocumulus (Sc), stratus 
(St), and sky-obscuring fog (FOG). According to the 
definitions by the World Meteorological Organiza-
tion (WMO), both Sc and St occur below about 2 km, 
and they are distinguished by their general shape and 
structure (WMO 1975): Sc is a patch, sheet, or layer 
of clouds comprising tessellation, rounded masses, or 
rolls. St is a cloud layer with a fairly uniform base. 
FOG is observed as present weather when it is impos-
sible to report cloud type because the sky is obscured 
by grounded clouds (WMO 1995); it can be considered 
as an additional LSC type. The relationships between 
each LSC-type amount and the inferred inversion 
strength such as EIS have not been demonstrated.
On the other hand, using long-term soundings 
at several ocean weather stations, Norris (1998a) 
presented the composite potential temperature profiles 
for which the same low cloud condition had been 
reported: Sc typically occurred in a well-mixed MBL 
under a capping inversion, as observed by many field 
campaigns in the subtropical oceans (e.g., Albrecht 
et al. 1988; Lenschow et al. 1988; Albrecht et al. 1995a; 
Stevens et al. 2003; Bretherton et al. 2004, 2010); St 
occurred with a moderate stable condition throughout 
the MBL or in a very shallow layer near the surface; and 
FOG often occurred with a surface-based inversion. 
These results imply the existence of temperature inver-
sions at the heights consistent with the morphology of 
each LSC type. Therefore, it is important to extend the 
analysis to the global ocean areas. Since EIS only has 
information about gross strength of temperature inver-
Table 1. The 10 LSC regions defined by KH93. In this study, their five subtropical 
and three midlatitude marine LSC regions are considered, whose abbreviations 
are represented by one or two alphabetic characters in parentheses.
Region Location






















* In this study, the geographical extent is indeed 50°–60°S and the JJA season is not 
considered due to insufficient numbers of ship-based observations.
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sion between the surface and the 700-hPa level, it is 
required to define new measures indicating the inver-
sion strengths for several vertical levels within the 
lower troposphere.
In addition, to identify processes responsible for 
different LSC types, several studies have focused 
on advection over the sea surface temperature (SST) 
gradient. In the subtropical eastern Pacific, an increase 
in the LSC amount, most of which are Sc, is associated 
with cold advection (Klein et al. 1995; Klein 1997; Xu 
et al. 2005; Mansbach and Norris 2007). In contrast, 
FOG typically forms with warm advection over the 
cold ocean in the midlatitudes (Norris and Klein 2000; 
Tokinaga and Xie 2009). Moreover, across the strong 
SST fronts in the North Pacific during the summer, 
changes in wind direction over the SST gradient cause 
a cloud regime transition between Sc or St and FOG 
(Norris and Iacobellis 2005; Tanimoto et al. 2009). 
These effects of synoptic temperature advection are 
supposed to be reflected in the relationships between the 
LSC-type amounts and the inferred inversion strength.
For these investigations, satellite cloud data such as 
the International Satellite Cloud Climatology Project 
(ISCCP) products (Rossow and Schiffer 1999) as well 
as the ship-based observations are available. In recent 
years, the “A-Train” satellite observations, including 
active sensor measurements, have been intensively 
investigated in terms of the amount and other proper-
ties of LSCs (e.g., Jensen et al. 2008; Lin et al. 2009; 
Zhang et al. 2009; Yue et al. 2011; Huang et al. 2012; 
Kubar et al. 2012). However, in regions with large 
amounts of higher level clouds, LSCs observed from 
satellites can be obscured by them, especially by using 
passive sensors (e.g., Weare 1999, 2000). Furthermore, 
the definitions of cloud types are different for human 
observations from the surface and satellite observations 
(e.g., Hahn et al. 2001; Sassen and Wang 2008). There-
fore, for a global analysis of the LSC-type amounts, 
long-term ship-based observations are suitable and still 
important, even though the resolution decreases due to 
the sparseness of spatial and temporal sampling.
In this paper, using the ship-based cloud report 
archive, we demonstrate relationships between the 
amount of each LSC type (Sc, St, and FOG) and the 
inversion strength in the lower troposphere measured 
by EIS over the global ocean. Details of the data used 
in this study are described in Section 2. In Section 3, 
we present the relationships for each LSC type. These 
relationships are sorted out by SST, and warm and 
cold SST regimes are defined. For the two regimes, 
we examine the correspondence of the inferred inver-
sion strengths for three vertical levels within the lower 
troposphere that we introduce and temperature advec-
tion implied by the air–sea temperature difference with 
the relationships. Conclusions are given in Section 4. 
2. Data
2.1 Cloud amount
The cloud amount was calculated from the ship-
based data of the Extended Edited Cloud Report 
Archive (EECRA, Hahn and Warren 2009; Eastman 
et al. 2011), which is a collection of individual synoptic 
surface observations for cloud properties obtained 
from the Comprehensive Ocean-Atmosphere Data Set 
(COADS, Woodruff et al. 1987, 1998). The EECRA 
defines 12 low cloud condition codes (CL): 10 regular 
codes in accordance with the WMO synoptic codes 
(WMO 1995) and 2 extended codes for obscured sky 
conditions. Each report contains CL and a low cloud 
amount at a certain time and place.
This study considered three types of LSCs: Sc (CL = 
4, 5, 8), St (CL = 6), and FOG (CL = 11). The LSCs 
correspond to the sum of three types: CL = 4, 5, 6, 8, 11. 
The code CL = 7 also indicates St in EECRA; however, 
from its definition, this cloud type is often observed 
in association with nimbostratus and deep convective 
clouds. In these cases, because the MBL properties 
are related to the deeper clouds rather than LSCs, only 
codes CL = 6 were used as St.
We constructed the 5° × 5° seasonal climatologies 
of the Sc, St, FOG, and LSC amounts from September 
1957 to August 2002, according to the computational 
methods described in the EECRA documentation, 
which are based on the algorithm used in Warren 
et al. (1986, 1988) and Norris (1998b). Basically, the 
time-averaged amount of a cloud type can be obtained 
as the product of frequency-of-occurrence (fraction of 
weather observations in which a cloud of this type is 
present) and amount-when-present (average fraction 
of the sky covered by this cloud type when present). 
The seasons were defined as follows: December– 
January–February (DJF), March–April–May (MAM), 
June–July–August (JJA), and September–October– 
November (SON). For each season, grid boxes with 
less than 100 observations contributing to the average 
were discarded to reduce the sampling error below 3% 
(Warren et al. 1988). Because most omitted grid boxes 
are in the high latitudes, the data between 60°N and 
60°S were used.
In particular, only daytime [including twilight; 
defined as the duration when the sun is no more than 
9° below the horizon (Hahn et al. 1995)] observations 
were used to construct the climatologies, because it is 
difficult for surface observers to identify the low cloud 
Journal of the Meteorological Society of Japan Vol. 92, No. 1110
condition on nights with poor illumination (Hahn 
et al. 1995; Rozendaal et al. 1995; Norris 1998a). The 
maxima and minima in the low cloud amount over the 
ocean typically occur in the early morning and after-
noon, respectively (e.g., Minnis et al. 1992; Bretherton 
et al. 1995; Rozendaal et al. 1995; Bretherton et al. 
2004). Cloud liquid water paths retrieved from satel-
lite-based passive microwave observations also tend to 
show maxima in the early morning and minima in the 
afternoon over the ocean (e.g., Zuidema and Hartmann 
1995; Wood et al. 2002; O’Dell et al. 2008). Because 
the daytime average includes the diurnal maxima and 
minima, it may not be very different from the true daily 
average, as Norris (1998b) pointed out.
2.2 EIS, SST, and air–sea temperature difference
EIS was calculated from the following formula 
given by WB06: 
 EIS sfc m LCL= −( )− −( )θ θ700 850 700Γ z z , (1)
where θ700  and θ sfc are the potential temperatures at 
the 700-hPa level and the surface, respectively, Γm850  is 
the moist adiabatic lapse rate at 850-hPa level, z 700 is 
the height of the 700-hPa level, and z LCL is the lifting 
condensation level. As described in WB06, Γm850  was 
calculated using the mean of the surface and 700-hPa 
temperatures, and z 700 was calculated assuming an 
exponential decrease in pressure with height for a single 
scale height. z LCL was calculated from the dry adiabat 
and the lifting condensation temperature estimated 
by Bolton (1980), with the surface relative humidity 
fixed at 0.8 following the assumption of WB06. Thus, 
EIS can be calculated from only the surface pressure 
and temperatures at the surface and the 700-hPa level. 
In this study, we used the sea-level pressure, 2-m 
temperature, and 700-hPa temperature data obtained 
from the monthly means of the European Centre for 
Medium-Range Weather Forecasts (ECMWF) 40-year 
reanalysis (ERA-40, Uppala et al. 2005). The 5° × 5° 
seasonal climatologies for the full-time period (from 
September 1957 to August 2002) were constructed 
from the calculated 2.5° × 2.5° monthly EIS data; only 
the ocean grid points were considered.
For the same period as ERA-40, SST data were 
taken from the Hadley Centre sea ice and sea surface 
temperature data set (HadISST) version 1.1 (Rayner 
et al. 2003) and were averaged to obtain the 5° × 5° 
seasonal climatologies, as the original data are 1° × 1° 
monthly means. Only the 5° × 5° grid boxes where sea 
ice does not exist were considered.
The SST data were also used to construct the 5° × 
5° seasonal climatologies of air–sea temperature differ-
ence with the 2-m temperature data from ERA-40. 
The air–sea temperature difference, which is often 
employed as a measure of near-surface atmospheric 
stability (e.g., Park and Leovy 2004; Tokinaga and Xie 
2009), reflects the synoptic advection over the ocean 
for longer time means such as seasonal climatologies; a 
positive value corresponds to average warm advection, 
while a negative value to average cold advection.
3. Results
3.1 Relationships between the LSC-type amounts and 
EIS
First, we confirm the relationship between seasonal 
climatologies of the LSC amount and those of EIS over 
the global ocean. Figure 1 displays a frequency distri-
bution obtained by classifying each 5° × 5° climatolog-
ical seasonal value into 0.5 K intervals of EIS and 2.5% 
intervals of the LSC amount. A scatter plot only for 
KH93’s LSC regions is also shown. As demonstrated 
by WB06 including the Chinese region and using other 
reanalysis data to calculate EIS, the scatter plot indi-
cates a single linear relationship for both the subtrop-
ical (red open markers) and the midlatitude (blue filled 
markers) regions. The result for the global ocean areas 
is quite similar to only that for KH93’s LSC regions; 
there is a clear positive correlation between the LSC 
amount and EIS, with a correlation coefficient of 
0.87, although the occurrence is less frequent as EIS 
increases. A linear regression analysis indicates that 
the LSC amounts increase by 4.7% per 1 K increase 
in EIS. Hence, the seasonal relationship between the 
LSC amount and EIS is almost universal; that is, a 
single linear relationship can be applied not only to the 
selected LSC regions but also to the global ocean areas 
including those with small LSC amounts.
Next, we divide the LSC amount into three types. 
Figure 2 shows the same distributions as Fig. 1, except 
for the amounts of Sc, St, and FOG. Focusing first 
on the scatter plots for the LSC regions defined by 
KH93, it is found that the relationships between the 
subtropical (red open markers) and midlatitude (blue 
filled markers) regions are different. In Fig. 2a, the 
Sc amounts are strongly correlated with EISs in the 
subtropical regions, whereas they are approximately 
30% regardless of EIS in the midlatitude regions. In 
Fig. 2b, the St amounts show positive correlations with 
EISs in both the subtropical and midlatitude regions, 
with higher sensitivity in the midlatitudes, although 
they are generally smaller than the Sc amounts. In Fig. 
2c, FOG is rarely observed in the subtropics; however, 
FOG amounts are correlated with EISs in the midlati-
tude regions. 
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The main characteristic features of the distributions 
for the global ocean areas are quite similar to those for 
KH93’s LSC regions. In Fig. 2a, while the Sc amount 
is generally larger and its correlation with EIS more 
clearly seen than other types, the distribution branches 
off into two domains as EIS increases: one is where 
the Sc amount increases with EIS, extending from the 
domain where EISs are negative; the other is where 
the Sc amounts are approximately 30%, regardless 
of EIS. The former coincides with the scatter plot for 
the subtropical regions and the latter with that for the 
midlatitude regions. Figure 2b shows that the distri-
bution of the St amount also becomes broader with 
EIS. Even though it is not very clear because of the 
lower sensitivity, the distribution tends to branch into 
two relationships, with relatively high sensitivity in a 
domain corresponding to the midlatitude regions than 
that to the subtropical regions. On the other hand, 
as seen in Fig. 2c, the correlation between the FOG 
amount and EIS is rather unclear, because the occur-
rence is concentrated where FOG amounts are less than 
2.5%. This coincides with the rare occurrence of FOG 
in the subtropics. However, the FOG amount obviously 
increases with EIS in other domains, corresponding to 
Fig. 1. Frequency of occurrence for EIS and LSC amount intervals for all 5° × 5° seasonal climatologies. The 
linear regression line is indicated by a solid line. Markers represent a scatter plot of the LSC amount with EIS 
seasonally averaged for LSC regions defined by KH93 (Table 1); red open and blue filled markers correspond to 
those in the subtropical and midlatitude oceans, respectively. The linear regression line for the scatter plot is indi-
cated by a dashed line.
Fig. 2. Similar to Fig. 1 but for (a) Sc, (b) St, and (c) FOG amounts.
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the midlatitude regions. Thus, over the global ocean 
areas, two relationships with different sensitivities are 
found between each LSC-type amount and EIS, and 
they correspond to subtropical and midlatitude regions.
The latitudinal difference shown in Fig. 2 is expected 
to relate closely to SST, because it primarily decreases 
with increasing latitude and plays an essential role in 
regulating the temperature and moisture structures in 
the lower troposphere. Figure 3 demonstrates in the 
upper panels the Sc, St, and FOG amounts averaged 
at 2°C intervals of SST and at 1 K intervals of EIS 
for all 5° × 5° seasonal climatologies. The results are 
displayed for the SST range from 2°C to 28°C, because 
the frequencies and variations of EIS and LSC-type 
amounts are very small outside this range. The upper 
panels of Fig. 3 reveal that the distributions of the 
LSC-type amounts drastically change at an SST of 
approximately 16°C. As shown in the scatter plots, the 
KH93’s LSC regions in the subtropical and midlatitude 
oceans are included in the warm and cold SST regimes, 
respectively. The lower panels of Fig. 3 show that the 
two relationships for each LSC-type amount observed 
in Fig. 2 are clearly separated into those in the two 
regimes.
As shown in the right-hand side of Fig. 3a, the Sc 
amount significantly increases with EIS in the warm 
SST regime. Moreover, on average, the Sc amount and 
EIS increase as SST decreases, although their vari-
ances also increase. Therefore, the three variations link 
together in this regime: an increase in the Sc amount, 
an increase in EIS, and a decrease in SST. In the cold 
SST regime (left-hand sides of Figs. 3a–c), although 
the Sc amounts are the highest among the three types, 
they are generally approximately 30% regardless of 
EIS with a slight decrease in higher EISs. Instead, the 
St and FOG amounts increase with EIS. The maxima 
in the St and FOG amounts occur in domains where 
EISs are approximately 10 K and 12 K, respectively, 
although the occurrence is less frequent with higher 
EISs. In contrast to the warm SST regime, these varia-
tions have little dependence on SST.
Consequently, an SST of 16°C is also the boundary 
of SST dependence of EIS and the LSC-type amounts. 
The warm SST regime is obviously confined to low 
latitudes where free tropospheric temperature has 
little spatial and temporal variations on a seasonal 
time scale. As a result, EIS is approximately a func-
tion of SST only. The scatter plot of red open markers 
shows that EISs are negatively correlated with SSTs 
in most subtropical LSC regions, i.e., the Peruvian, 
Namibian, and Canary Islands regions, where early 
studies indicated the negative correlation between SST 
and the LSC amount (e.g., Hanson 1991; Oreopoulos 
and Davies 1993; Weare 1994). However, the negative 
correlation between EIS and SST is rather unclear in 
the Californian region; it is suggested that EIS around 
this region is more controlled by free tropospheric 
temperature than SST (KH93; Kubar et al. 2012).
On the other hand, in the cold SST regime, free 
tropospheric temperature rapidly decreases poleward 
and has large seasonal variations as well as SST. Thus, 
EIS is not determined only by SST. The scatter plot 
of blue filled markers indicates no correlation between 
SST and EIS in the midlatitude LSC regions defined by 
KH93. In addition, it is found that a transitional area 
between warm and cold SST regimes can be seen in 
the SST range of approximately 16–20°C, where the 
variance of EIS is maximum; the seasonal variation 
in the Australian LSC region is similar to those in the 
midlatitude regions.
Norris and Klein (2000) have shown that Sc is asso-
ciated with divergence and subsidence, whereas St 
and FOG are associated with slight convergence and 
ascent, from observational composites at a midlatitude 
ocean weather station. Although not shown, we also 
note that we briefly analyzed the distribution of the 
700-hPa pressure vertical velocity (ω 700) from ERA-40 
in this SST–EIS field; results for the 500- and 850-hPa 
levels are quite similar. In the warm SST regime, the 
mean ω 700 values are positive except for the domain 
where EISs are negative and SSTs are greater than 
26°C, obviously corresponding to the tropical convec-
tive regions, and they tend to increase with EIS. This 
suggests that increases in EIS and the Sc amount in this 
regime are associated with large-scale subsidence, as 
reported by many previous studies. On the other hand, 
the mean ω 700 values are near neutral or weak negative 
in the cold SST regime, although both the correlations 
with EIS and LSC-type amounts shown in the upper 
panels of Fig. 3 are poor. The general difference in 
sign of vertical motion is consistent with the domi-
nant occurrence of Sc in the warm SST regime and the 
occurrence of all three types of LSCs in the cold SST 
regime.
3.2  Relationships between the LSC-type amounts and 
EISs for divided layers
EIS can be defined as a measure of inversion strength 
at any level between the 700-hPa level and the surface. 
In the previous subsection, an increase in EIS is associ-
ated with amounts of different LSC types between the 
warm and cold SST regimes. The result suggests that 
increases in EIS in the two regimes correspond to those 
in the inversion strength at different levels, because, as 
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mentioned in the introduction, some previous studies 
from field campaigns or ocean weather station obser-
vations revealed that Sc, St, and FOG occur with inver-
sions at different heights consistent with their morphol-
ogies (e.g., Norris 1998a). This would not be expected 
as a matter of course, because the definitions of these 
LSC types have no concrete information about differ-
ences in cloud-top heights.
To consider the vertical levels in which temperature 
inversion contributing to EIS exists within the frame-
work of WB06, we introduce EISs for three layers 
between the 700-hPa level and the surface:
 EIS = EIS EIS EISsfc850700 925850 925+ + , (2)
where
 EIS m850700 700 850 850 700 850= −( )− −( )θ θ Γ z z (3)
is EIS for the layer between 700- and 850-hPa levels,
 EIS m925850 850 925 850 850 925= −( )− −( )θ θ Γ z z (4)
is EIS for the layer between 850- and 925-hPa levels, 
and
 EISsfc sfc m LCL925 925 850 925= −( )− −( )θ θ Γ z z (5)
is EIS for the layer between 925-hPa level and the 
surface. θ850  and θ925  are the potential temperatures 
at 850- and 925-hPa levels, respectively. Further-
more, z850 and z925 are the heights of the 850- and 
925-hPa levels, respectively, which are calculated 
from equations similar to that for z 700 described in 
WB06. The 5° × 5° seasonal climatologies of EISs 
for the three layers were calculated using the 2.5° × 
2.5° monthly means of ERA-40 for the ocean grid 
points. If z LCL exceeds z925, EIS925850  and EISsfc925  were 
calculated as θ θ850 925 850 850−( )− −( )Γm LCLz z  and 
θ θ925- sfc , respectively; however, it was extremely 
rare in this calculation.
Figure 4 compares the global distributions of the 
LSC-type amounts with those of EISs for the divided 
layers for the JJA climatologies, with an SST of 16°C, 
which is a criterion separating the warm and cold SST 
regimes. Although we only show the JJA climatolo-
Fig. 3. (top) Mean (a) Sc, (b) St, and (c) FOG amounts for SST and EIS intervals for all 5° × 5° seasonal climatol-
ogies. Markers represent scatter plots of EIS with SST seasonally averaged for LSC regions defined by KH93 (Table 
1); red open and blue filled markers correspond to those in the subtropical and midlatitude oceans, respectively. 
(bottom) As in Fig. 2 but for each LSC-type amount in the warm SST regime (SST ≥ 16°C) and the cold SST 
regime (SST < 16°C).
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gies because the peaks in the annual cycle of the LSC 
amount occur during this season in most LSC regions 
defined by KH93 (highest seasons in the Peruvian and 
Namibian regions and in the Australian region are from 
JJA to SON and in DJF, respectively), the correspon-
dences of distributions between the LSC-type amounts 
and EISs for the divided layers that will be described 
here are generally observed throughout the year. In 
addition, the climatological distributions of LSC-type 
amounts (Figs. 4a–c) have essentially been demon-
strated in Norris (1998b); although he showed the 
frequency-of-occurrence instead of the average cloud 
amount, they are not very different because most vari-
ations in the average cloud amount are due to frequen-
cy-of-occurrence and amount-when-present is globally 
more uniform.
As shown in Figs. 4d–f, in the warm SST regime 
(equatorward of 16°C SSTs), high values of EISs 
for divided layers are concentrated in the subtrop-
ical eastern Pacific and Atlantic basins; however, the 
locations of the maxima shift westward in the order of 
EISsfc925, EIS925
850, and EIS850700. This indicates that inver-
sion heights become deeper from east to west. Maxima 
in EIS850700 also occur over the subtropical southern 
Indian Ocean. On the other hand, in the cold SST 
regime (poleward of 16°C SSTs), high values of EISs 
for divided layers are generally observed, although the 
distributions in the Southern Ocean are rather unclear 
in JJA due to insufficient numbers of ship-based obser-
vations. The east–west contrast is most prominent in 
the distribution of EISsfc925: the maxima occur in the 
northwest Pacific and Atlantic.
Regarding the comparison with LSC-type amounts, 
the correspondence of distributions is different 
between warm and cold SST regimes. The global 
distributions of Sc amount (Fig. 4a) closely match 
those of EIS925850 (Fig. 4e) in the warm SST regime. Hu 
et al. (2008) indicated that low cloud amount observed 
from satellites around KH93’s Namibian LSC region is 
well correlated with the vertical temperature gradient 
between 850- and 925-hPa levels, while the correlation 
is weak with that between 700- and 850-hPa levels. 
Fig. 4. (left) Climatological mean (a) Sc, (b) St, and (c) FOG amounts for the JJA season. Contour interval is 5%. 
Values greater than 10%, 20%, and 30% are shaded light gray, gray, and dark gray, respectively. (right) Climato-
logical mean (d) EIS850700 , (e) EIS925850 , and (f) EISsfc925  for the JJA season. Contour interval is 1 K. Values greater 
than 0 K are lightly shaded and values greater than 2 K are heavily shaded. Dashed line indicates an SST of 16°C.
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Moreover, Kawai and Teixeira (2010) showed that over 
the subtropical eastern Pacific, meteorological factors 
related to the stability between 850- and 1000-hPa 
levels have higher correlations with the amount and 
other properties of LSCs compared to LTS and EIS. 
Their results are consistent with ours for much larger 
ocean areas. In the cold SST regime, the Sc amounts 
are somewhat larger than expected from the corre-
sponding EIS925850  values, compared with those in the 
warm SST regime. Although high values of EIS850700  
occur where the Sc amounts are larger especially in the 
southern hemisphere (Fig. 4d), the correspondence of 
distributions is rather weak. As mentioned in Fig. 3, 
the subtropical southern Indian Ocean including the 
Australian LSC region seems to be a transitional area 
between the warm and cold SST regimes; although 
SSTs in this domain are greater rather than 16°C, the 
Sc amount tends to be associated with EIS850700  rather 
than EIS925850.
On the other hand, FOG amount (Fig. 4c) and 
EISsfc925 (Fig. 4f) in the cold SST regime are in good 
agreement on the large-scale distribution. In the warm 
SST regime, FOG rarely occurs; however, high EISsfc925  
values occur in the coastal areas near KH93’s subtrop-
ical LSC regions, as well as in the Arabian Sea. These 
areas correspond to those with relatively large St 
amounts in the subtropical oceans, although the sensi-
tivity of the St amount to EISsfc925  is very low (Fig. 4b). 
A reason for the low sensitivity is that “no-low-cloud” 
(CL = 0) is also frequently reported as a low cloud 
condition in these areas; the occurrence of no-low-
cloud coincides with a strong surface stratification with 
less low-level moisture, and it might be associated with 
warm advection of dry air from land (Norris 1998a, b). 
In the cold SST regime, large St amounts coincide with 
relatively high values of EIS850700, EIS925850 , and EISsfc925. 
This is consistent with the result from the observation 
at a midlatitude ocean weather station that St often 
occurs with a moderate stable condition throughout 
MBL (Norris 1998a). 
For the warm and cold SST regimes, Table 2 lists 
the correlation coefficients of LSC-type amounts with 
EIS for each divided layer as well as with EIS. The 
strong correlation of Sc amount with EIS925850  coin-
cides with a strong correlation with EIS in the warm 
SST regime. In the cold SST regime, the Sc amount 
is rather weakly but positively correlated with EIS850700  
and negatively correlated with EISsfc925 , even though no 
correlation can be observed with EIS. In contrast, the 
correlation of FOG amounts in the cold SST regime 
is higher with lower layer EISs; the correlation coef-
ficient with EISsfc925  is highest and closest to that with 
EIS. Although there is no strong correlation between 
St amounts and EISs for any divided layer in both 
SST regimes, relatively high correlations are observed 
with EIS925850 , especially in the cold SST regime. These 
results indicate that EISs for the divided layers appear 
to capture well the corresponding LSC-type amounts 
in the two regimes in spite of the coarse vertical reso-
lution of ERA-40 for detecting the detailed changes in 
the potential temperature with height. However, it is 
also noted that EISs for the divided layers are compa-
rable but not better predictors than EIS, except for the 
Sc amount in the cold SST regime, compared with the 
correlation coefficients also shown in the lower panels 
of Fig. 3.
3.3 Responses of LSC-type amounts and EISs for 
divided layers to EIS and their relationship to 
temperature advection
Figure 5 summarizes the average variations in the 
LSC-type amounts and EISs for divided layers with 
increasing EIS. To examine the association of advec-
tion over the ocean, the average air–sea temperature 
difference is also displayed, along with SST and the 
2-m temperature. In the warm SST regime (Fig. 5a), an 
increase in EIS coincides well with increases in EIS925850  
and the Sc amount, corresponding to a decrease in SST 
as shown in Fig. 3. This result indicates that capping 
inversion strength around 1 km dominantly contrib-
utes to EIS and is associated with the Sc amount. As 
reviewed in Wood (2012), it is known that the devel-
Table 2. Correlation coefficients between the LSC-type amounts and EISs for the divided layers and as a whole in the warm 
and cold SST regimes. The parentheses indicate that the correlation coefficient is not statistically significant at the 99% 
confidence level.
SST ≥ 16°C SST < 16°C
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opment and maintenance of Sc are closely linked with 
those of a capping inversion by longwave radiative 
cooling at the Sc top. In addition, these variations are 
associated with large-scale subsidence, as mentioned 
in the previous subsection. 
On the other hand, the air–sea temperature differ-
ences are negative regardless of EIS, approximately 
–1°C; this implies that cold advection generally occurs 
in this regime. The resulting surface fluxes of heat and 
moisture from the ocean to the atmosphere are favorable 
for forming Sc. The variations in EISs for the divided 
layers also indicate that the dominant layer contrib-
uting to EIS changes in the order of EIS850700 , EIS925850 , and 
EISsfc925 as EIS increases. This suggests that an increase 
in EIS corresponds to a decrease in the average height 
of capping inversion; in the subtropical eastern oceans, 
the temperature inversion increases in height toward 
the west, as shown in Figs. 4d–f, accompanied by the 
transition from a relatively shallow, well-mixed MBL 
topped by Sc to a deeper decoupled MBL with trade 
cumulus (e.g., Albrecht et al. 1995b; Yuter et al. 2000; 
Garreaud et al. 2001). Such variations in temperature 
and cloud structure are associated with cold advection 
due to trade winds (Klein et al. 1995; Klein 1997; Xu 
et al. 2005; Mansbach and Norris 2007).
With the EIS maxima greater than 10 K, EISsfc925 
surpasses the slightly decreasing EIS925850. This high 
value of EISsfc925 suggests a very shallow mixed layer, 
corresponding to the relatively large St amount of over 
10% and the slightly decreasing Sc amount, as also 
shown in Fig. 3. They occur in the coastal areas near 
KH93’s subtropical LSC regions (Figs. 4b, f ). 
In the cold SST regime (Fig. 5b), the variations in 
EIS850700, EIS925850, and EISsfc925 with increasing EIS are 
in good agreement with those in Sc, St, and FOG 
amounts, respectively. Relatively large values (20%–
30%) of the Sc amount generally correspond to those 
of EIS850700 around 2 K. This suggests that Sc in the cold 
SST regime exists at higher levels than in the warm 
SST regime. Recent satellite radar measurements 
also displayed a roughly uniform Sc field with a top 
height of approximately 2 km over the Southern Ocean 
(Huang et al. 2012). Moreover, in the range where EISs 
are less than approximately 8 K, all EISs for the divided 
layers increase at comparable rates. This implies that 
the entire lower troposphere gradually becomes stable. 
All three LSC-type amounts tend to weakly increase in 
this range. The gradual increase in EIS925850 continues 
with that in the St amount in the range where EISs are 
higher; however, EISsfc925  rapidly increases exceeding 
EIS850700  and EIS925850. This corresponds to an increase in 
FOG amount up to over 40%, although the frequencies 
are lower, as mentioned in Fig. 1. On the other hand, 
EIS850700  and the Sc amount tend to decrease. EIS925850  
Fig. 5. (top) LSC-type (Sc, St, and FOG) amounts and EISs for three divided layers in the lower troposphere 
(EIS850700 , EIS925850 , and EISsfc925) averaged into intervals of EIS in the (a) warm and (b) cold SST regimes. (bottom) 
SST (solid), 2-m temperature (dotted), and air–sea temperature difference (dashed) averaged into intervals of EIS 
in the (a) warm and (b) cold SST regimes.
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and the St amount also decrease in the maximum EIS 
range.
With these variations, the air–sea temperature 
difference increases from negative to positive values, 
suggesting the transition from cold to warm advec-
tion over the ocean. The warm advection often leads 
to a surface-based inversion, which is reflected in 
the increase in EISsfc925, due to cooling of warm air 
by heat transfer to the cold ocean; if the air is suffi-
ciently moist, the cooling causes it to reach saturation 
and FOG forms (Norris and Klein 2000; Tokinaga and 
Xie 2009). In addition, the meridional SST gradient is 
generally strong in the cold SST regime. Therefore, the 
LSC type is highly sensitive to synoptic wind direc-
tion associated with extratropical cyclones in the storm 
track: Sc or St for equatorward cold advection, and 
FOG for poleward warm advection (Norris and Iaco-
bellis 2005; Tanimoto et al. 2009). This may be why 
the Sc and St amounts are not very small for seasonal 
mean warm advection.
4. Conclusions
Using ship-based cloud observational data from 
EECRA and atmospheric reanalyses from ERA-40, 
we have investigated the seasonal relationship of the 
amounts of Sc, St, and FOG, of which LSCs consist, 
with EIS over the global ocean. Two different rela-
tionships for each LSC type are observed between the 
cloud amounts and EIS, corresponding to the varia-
tions for the subtropical and midlatitude LSC regions 
defined by KH93. This latitudinal difference is phys-
ically expected to relate closely to SST, because it 
primarily decreases with increasing latitude and plays 
an essential role in regulating the temperature and 
moisture structures in the lower troposphere. We have 
therefore examined the difference in the relationships 
between the LSC-type amounts and EIS by SST. It is 
found that the relationships are clearly divided into two 
regimes at an SST of approximately 16°C. 
Sc is the only dominant type and its amount is 
strongly correlated with EIS in the warm SST regime, 
whereas the St and FOG amounts increase with EIS in 
the cold SST regime. This suggests that given the same 
EIS in both warm and cold SST regimes, the inferred 
inversion contributing to EIS exists at a different level 
for each SST regime. To consider the vertical differ-
ence within the framework of WB06, we introduced 
EISs for three layers between the 700-hPa level and 
the surface: EIS850700, EIS925850, and EISsfc925. Although 
the vertical resolution of ERA-40 is too coarse for 
detecting the detailed changes in the potential tempera-
ture with height, EISs for the three layers are sufficient 
to distinguish among the associated inversion levels 
with Sc, St, and FOG. 
The present study clearly revealed the responses of 
the LSC-type amounts and EISs for divided layers to 
increasing EIS. The Sc amount and EIS925850 increase 
with EIS in the warm SST regime. In the cold SST 
regime, relatively large values of the Sc amount and 
EIS850700 are exceeded by a rapid increase in FOG and 
EISsfc925, while the St amount and EIS925850 slightly 
increase with EIS. Their relationships to temperature 
advection implied by the air–sea temperature differ-
ence are also distinctly different between the two 
regimes: general occurrence of cold advection provides 
the favorable condition to form Sc and capping inver-
sion in the warm SST regime, whereas warm advec-
tion causes an increase in the surface-based inversion 
strength in the cold SST regime, leading to more FOG.
These results indicate the importance of cloud types 
for identifying processes responsible for variations in 
the LSC amount. In particular, the importance should 
be emphasized in the cold SST regime, because LSCs 
are not dominated by a single type. Based on the rela-
tionships with the LSC-type amounts from the ship-
based observations, EISs for divided layers can help 
diagnose the type of LSC amount observed by satellites 
or simulated by climate models. Although the target 
areas are limited by the number of ship-based obser-
vations, further investigation is required to examine 
the long-term variations of relationships between the 
LSC-type amounts and related processes such as those 
considered in this study.
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